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ABSTRACT
Solution of a system of second-order partial differential
equations obtained from linearized approximations to the
vorticity and thermodynamic equations yields phase
velocities and amplitude functions which are utilized to
compute particular solutions of the perturbation stream
function field over a net of grid points c These values
are combined linearly to obtain general solutions over
the entire wave which describe the three-dimensional
structure of the perturbations for selected time intervals.
Equations for the particular and general perturbation
vertical pressure velocities are set fortho A selection
of cases representing various vertical and lateral wind
profiles and static stability fields ^ wave lengths, and
latitudes are pictured in three dimensions over a 72-
hour period. These preliminary results indicate unexpected
retrogression of waves of moderate wave length imposed
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K — the gas constant for dry air
7"
— the absolute temperature
Cp — the coefficient of specific heat for constant
pressure
f — the coriolis parameter: "f- 2, -0~ sen (p
-f — the coriolis parameter at latitude 45N
^ — the vertical component of the acceleration due to
gravity
t — time
~P — the atmospheric pressure
P — the pressure across a vertical layer
CO — the pressure velocity: 6J = <^'f^/c>Lt
Q — the Rossby parameter: p — ^t/dj^
(T — a static stability parameter (defined in text)
(J* — a static stability parameter (defined in text)
A — the wave length
JUL — juk =. a TT/A
C — the phase velocity of a wave
r — as a subscript, the real component of a complex
quantity
L — as a subscript, the imaginary component of a
complex quantity
^
— a linear coefficient
yy — the wind velocity vector
^ — the gradient operator
-- the latitude
cp -- the geopotential

T"^ — the stream function
*^ — the basic stream function
4^ — the perturbation stream function
y — the general perturbation stream function
"^^— the amplitude function of i
(^ — the perturbation pressure velocity
W — the amplitude function of U^
U — the basic wind flow
r\ — the amplitude function of t
^jTL — the scalar angular velocity of the earth's rotation




The behavior of atmospheric waves under the multitude
of conditions occurring in nature has long been a primary
field of interest for the dynamic meteorologist o Various
authors have dealt with different aspects of the subject
^
including energy relationships, phase velocities,
stability characteristics, and the three-dimensional
structure. Each author has in turn defined a mathematical
model with its associated boundary conditions and described
some of its physical characteristics. It is the purpose
of this paper to enlarge upon the knowledge of a particular
model atmosphere, specifically the one utilized by
Haltiner (1963) in his exploratory study of dynamic
instability in a baroclinic jet as determined by certain
finite-difference approximations, Haltiner described the
effects of varying grid mesh size, wind profile, latitude,
and static stability upon the occurrence of unstable phase
velocities. At one point he stated that it would be
possible to construct a complete solution to his particular
system of equations although the phase velocities them-
selves, as indicators of dynamic instability, were the
area of primary interest of his paper.
The aim of this study is to depict the three-
dimensional structure of the waves described by Haltiner^
both in the general sense and in terms of the particular
contribution of each component of the phase velocityc

The amplification or damping of the waves with time is
treated, as is the phase relationship of the thermal wave
and the 500-mb contour wave.
Finite-difference approximations are utilized for
both vertical and horizontal derivatives « The effects
of a jet-like wind profile upon wave structure and
development are deemed to be of primary interest; however
variations in other parameters such as static stability,
latitude, and grid mesh size are considered to some extent
also. For comparative purposes, barotropic and simplified
baroclinic cases are included for a selected wave length.

2. Derivation of the basic equations.
The vorticity equation in the following form is uaed:
where "V^ "Px V 4^ , i.e. the flow is non-divergent
o
The first law of thermodynamics for adiabatic





-rz^ "= t '^~Ip , the
hydrostatic relationship, and the equation of state for a







The system of equations composed of (1) and (4) are
then linearized by the perturbation method, with 0'= ^(y)'p)
i-^'^^^^^T^t) and <^= ^Vx.y./^.d, giving

and
where U{y,p) represents the basic flow.
Substitution of the assumed harmonic solutions
<^= A e^/'t^-ct) anda;= W ei/*(^-c^) into (6) and (7)





The boundary conditions assumed are A=0 at the
lateral bounds and W=0 at the vertical bounds., The form
of the amplitude function A may be specified at the upper
and lower boundaries by substituting the vertical boundary
conditions into (9), yielding
r^-014
-n^^- o (10)
at p=0 and p=p =1000 mb. At this point, Haltiner
Ql] eliminated W from the system of {^) and (9) by
differentiating (9) in respect to p, yielding an equation
in A:
^"^
^^^r <^^W cr^ ^f Tp ^
[P ^ya ry
^^r ^'^r^Tj ^ ' (id

Centered difference approximations were then used to
write (11) as a system of algebraic equations, with forward
and backward differences applied as necessary at the
boundaries. The atmosphere was divided into N layers of
thickness P, with k=0 at mb and k=N at 1000 mb. It was
assumed that the perturbations were laterally syinmetrical
with respect to the center of the basic flow, so that
computations might be restricted to one-half of the
current laterally. This half was divided into M bands with
j=0 at the center of the basic current and j=M at the
northern bound.
Solution of the difference equation
p
(12)
with lateral boundary conditions
(12a)

and vertical boundary conditions
for c, the phase velocity, led to Haltiner's findings
concerning the occurrence of dynamic instability under
various conditions. Slight modification of the digital
computer program utilized for computation yields the values
of the A's, the amplitude functions ^ as wello For any
given root c there are associated values of A for each and
every grid point being considered « These known values of
amplitude and phase velocity, both of which are complex,
can be used to evaluate the harmonic solution
for each value of c computed., The solution may be expanded
into the form
yielding the real particular solutions
(15)
The particular solutions for 6J , the perturbation
vertical motion, can now be obtained by returning first to
equation (9) and solving for W:
L (T L ^f ^f J (16:
6

Expanding W, A, and c into real and imaginary portions and
equating corresponding terms on the right and left yields






These amplitude functions can be computed from the
corresponding linear difference equations
and
fl8b)
At the vertical bounds, forward differences are substituted




and at the lower bound,
•^ri' > V /i -i' , A/-;
(20)

where the range of k is from 1 to N, from top to bottom.
With the phase velocities and their associated
"W's" now known, the particular CO i- can be calculated from
the harmonic form
6j^= W e^^ \w ^ 6/.r>c-co
(21)
in the same fashion that (/^ was computed from (13)» Thus we
have
^r = ["^^ ^^^/^(^-^rt) --Wc Stn^{/'Ctt^ C
^qt
(22)
The physical appearance of the perturbation wave and
its associated vertical motions are now described explicitly
for each particular value of the phase velocity c<,
However, the general form of the wave represents a sum of
all these solutions, each contributing to the total wave
form in some way. Thus, the general solution W can be




where there are N different roots c to the frequency
equation, and where d, A, and c are complex » Since the A's
and c's are known, it is possible to calculate the values
of the linear coefficients, the d's, if an initial wave form

is specified.
The initial wave form chosen herein decreases in
amplitude laterally as
^ J-1
sin JJ (1- —^ ), j=l at the jet axis. (24)
2 ^
In the vertical, the initial wave has a tilt ofA/B from








Thus, the initial assumed wave form varies vertically as
(2,7)
for a four-layer model, with k=l to 5 from top to bottom^
Let the initial wave be referred to as * x^o where
(28)
Now, by expanding ^^ into its real and imaginary








'^ Xjo = ^oo^ cosju^" y^oc: SL^MK
(31b)
The general solution of the form of the perturbation
stream function for all x and t can now be obtained by
evaluating the coefficients of the general solution (23)







Equating real and imaginary portions leads to
A/









^^ =Z1 (dn^A^^' ^dn^A^^)
(35b)-
Equations (35a) and (35b) comprise a system of thirty-
linear equations with thirty unknowns when three bands are
considered laterally and four levels vertically » This





















This matrix equation can now be solved by multiplying both
sides by A inverse, yielding the solution
X = A" B
(40)
In the present case, the elements of the X column matrix
are the real and imaginary linear coefficients dn and dn, <,
Thus, the complete general perturbation stream function can
now be obtained from equations (34a) and ;34b)c
Computation of the d's also makes possible calculation
of the vertical motion in this rather general wave.
Equations (iSa) and (iSb) gave the particular values of
W and W. for each component phase velocityc These
12

amplitude functions may be substituted into the expression
CO - 2- dnWn C
(41)
to yield the general solution for CO
,
since the vertical
motions are dependent upon the stream function both
initially and with increasing time. Expanding (41) into
its complex components and equating the real portions leads
to
"^ (42)
which describes the general perturbation pressure velocity
at all points for all time.
All the equations necessary to describe both the
perturbation stream function and the vertical notion for
the various component phase velocities and for the total wa¥e
have now been written. The thermal wave between 2$0 mb and
500 mb can be obtained by simple subtraction of computed
general stream function values at those respective levels
o
An incidental bit of information concerning the
amplification rate of a particular wave component can be
gleaned from the harmonic solution; setting the exponential
C equal to two and solving for t gives the time
13





3. Programming and computation.
All computation was performed on a Control Data
Corporation 1604 digital computer. FORTRAN 60 was used
exclusively as the programming medium.
Calculation of the phase velocities and amplitude
functions was accomplished by a standard matrix inversion
scheme, described in some detail by Haltiner [ij « Storage
limitations precluded enlarging on that basic program for
further computation, so a binary tape output was utilized
to feed subsequent operations, a regretable but necessary
expedient. Solution of equation (36) was accomplished with
COOP subroutine MATINV, a Jordan matrix inversion routine
which is quite economical with space. However, solution of
the system for a five-by-three grid involves inversion and
multiplication of 30 by 30 matrices; it can be seen that
computations involving the full nine-by-six grid described
by Haltiner would require similar manipulation of 10^ by
lOS matrices, which is beyond the capability of the
installation. For this reason, the five-by-three grid with
Ap=250 mb and a lateral grid mesh of 500 km was selected
for all computation. Variations in results would be
expected if other grid intervals were used; it is an
unfortunate attribute of finite-difference methods that
numerical results are determined not only by the dynamics
of the system but also to some degree by the characteristics
of the grid employed. It is hoped that the omission of
15

higher order roots has been of relatively minor importance




Although Haltiner [l] in his original investigation
dealt with a system with up to 54 grid points at which
solutions could be obtained in any one vertical cross section,
computer storage limits associated with the solution of
equation (36) restricted computation to a net with five
vertical levels and three grid points laterally, no
calculations being performed at the fourth, northernmost
grid point. Thus alternate values were taken from Haltiner 's
tables of zonal wind and static stability parameter for use
in this study. The latitude in all cases, save one, was
«4 -1
assumed to be 45 degrees, with f=1.03x10 sec ,
/S =1.63x10"" -^ sec~ cm ; and the total width of the basic
current in all cases was taken to be 3000 km, resulting
in a lateral grid mesh of 500 km. The vertical grid
spacing is 250 mb. The wind profile of Table 1 is
described by the expression U=B(l-cos2 y/D), with
B=30 m sec at the level of maximum wind, 250 mb, which
profile has been previously employed by Wiin-Nielsen L2j
and Haltiner [ij . The CT" values Haltiner obtained from a
temperature field based upon mean soundings near a jet core
over a 12-day period in December, 1946 and the geostrophic
thermal wind, with subsequent smoothing. The right-
marginal column of Table 2 shows the average value of
for each pressure level. These average values were used in
the computation of the first six cases.
17

Table 1. Zonal wind velocity U in m sec"-^.
1
2 15.00 45.00 60.00
3 4.50 13.50 15.00
4 1.75 5.25 7.00
5
10^ 10^ io3 io3
52.70 41.40 21.90 42»54
4.79 5.12 5.65 5^ OS
2.00 2.15 2.01 2o0g
1.05 1.15 1.25 lol3
k/j






k/j 4 3 2 1 5=^
The initial wave is identical in structure for all
cases. The horizontal scale of the illustrations varies
from case to case, and in all cases spans one complete wave
length. The lateral scale is fixed, each diagram at each
individual pressure level extending northward from the jet
axis a distance of 1500 km. Contours in the illustrations
are labeled in MTS units; in most instances, the highest
(lowest) central values of ridges (troughs) are also furnished
It should be noted however that these values may or may not
15

be absolute maxima or minima, but represent only the value
of the grid point nearest the enclosed maximum or minimum.
These values may be somewhat misleading, as can be seen for
all cases at time t=0, where the central values of all
troughs and ridges should be unity but do in fact vary
from + 1 to +.92 due to grid-point spacing » Therefore, only
the general magnitude of the perturbations and the form of
the wave should be considered by the reader. The absolute
magnitudes of the perturbations are meaningless, since the
assumed amplitude of the initial wave is completely
arbitrary; relative magnitudes, with the restrictions just
mentioned, between different cases and different time
intervals are quite significant, however « The units of the
perturbations presented in the figures and discussed in
the text are those normally associated with the stream
2
_ifunction, m sec ; however, since only the relative
magnitudes of the perturbations have physical significance
they will be referred to henceforth simply as numbers,
omitting the units, to avoid possible confusion in the mind
of the reader with more familiar synoptic values of the
stream function. The depicted values will be more meaning-
ful if it is noted that the initial maximum (minimum) at
each level is +1 (-1), or +.5 (-.5) for the thermal wave.
Thus, a X maximum of 3.0 at 1000 mb after 72 hours
indicates a three-fold increase in the intensity of the
ridge at that level, while a maximum of 3<.0 in the thermal
19

wave after the same time lapse would represent a six-fold
amplification of the thermal ridge
»
In viewing the illustrations, the reader should bear in
mind that they represent only perturbations of the stream
function, not the complete wave. A true picture of the wave
could be easily obtained by adding the perturbation
quantities to the basic stream function values at each level
as determined from the wind velocity-contour gradient
relationship. Thus a closed negative perturbation center
represents a trough in the total stream function field.
Before delving into the effects of the baroclinic
three-dimensional jet structure upon the perturbation field,
let us consider some simpler models as a basis for comparison,
Case 1 represents a barotropic situation with a
stability parameter of 20 MTS units at all grid points and
the basic flow constant in the vertical, having the value of
the wind at the level of maximum wind, 250 mb. The horizon-
tal jet structure remains; the wave length of the
perttirbation is 6000 km. Figure 1 shows that the wave is
progressive at all levels, moving approximately 3500 km in
72 hours at 500 mb. The ridges and troughs amplify nearly
five-fold during that time, growth being nearly uniform at
all levels. The tilt of the troughs and ridges becomes
nearly vertical over the interval. The thermal wave as
measured between the 250-mb and 750-mb levels is very flat
throughout the period, damping to a low of +.23 at t=l+B hours
20

and increasing to only +.29 at t=72 hours. Its movement
relative to the 500-mb wave is interesting; the thermal
wave moves rapidly from its lagging position to a point
directly under the 500-mb wave at t=12 hours and thence
well ahead of the upper wave at t=24 hours. The rapid
movement continues until at 72 hr it appears that a
complete 360-degree phase change has been accomplished ^ for
the thermal troughs and ridges occupy much the same position
relative to the 500-mb wave as they did initially o At
36 hr , the maximum and minimum centers in the thermal wave
appear to move northward away from the center of the flow;
this is most likely due to grid point placement, although
there is some deformation noticeable in the 250-mb and
750-mb waves with increasing time.
Case 2 utilizes the same wave length and wind field as
Case 1 but represents an atmosphere with lower static
stability, Cj"=2 MTS units. Movement of the wave at 500 mb
appears to be slightly more rapid than the previous caseo
Amplification at 500 mb is very nearly the same as that of
Case 1, but increased amplification at 250 mb and decreased
development at 750 mb lead to a thermal wave with steady
growth, more than doubling in intensity in 72 hr. The tilt
of the wave is vertical after 72 hr; the thermal wave is
directly in phase with the contour wave, having progressed
steadily from its initial lagging position to a point
directly under the 500-mb wave.
21

Case 3 represents a pure baroclinic atmosphere with
the CT of the jet axis, j=l in Table 2, constant hori-
zontally at each level. The basic flow is jet-like
vertically, having the profile of column j=l in Table 1 at
all points; the wave length is 6000 kmo The wave is
progressive, moving approximately 1700 km in 72 hr, less
than half the movement of the barotropic cases o Amplification
of the wave is moderate at 500 mb, the perturbation
tripling in intensity in 72 hr, but the growth at the 250-mb
level is nearly seven-fold. This, coupled with the rather
small growth at 750 mb, gives a rapidly amplifying thermal
wave which moves smoothly from its initial following position
to a point directly in phase with the 500-mb contour wave.
At this time, the wave shows a more complicated vertical
structure than the preceding cases, tilting westward from
1000 mb to 500 mb, then rising vertically to 250 mb, and
finally tilting eastward sharply to the topo This last
feature should be regarded with suspicion since the
development of the wave is erratic at the top in the figures.
The most striking feature of Case 3 is the marked lack of
deformation of the wave form at all levels throughout the
period.
The next three cases considered utilize the zonal winds
(U) of Table 1 and the average static stability parameter
( ^ ) of Table 2.
22

Case 4 represents a wave length of 2000 km. As
might be expected of so short a wave, it is progressive,
but only very slightly so at 500 mb. At the two lower
levels the behavior of the wave is rather complicated and
its shape badly deformed; the progression at 1000 mb is
extremely rapid and the resulting vertical shear undoubtedly
contributes to the complication at 750 mb» Because of the
splitting of the low and high centers and the lateral
skewing of troughs and ridges the life history of the
wave's tilt is difficult to describe; however, the general
picture after 72 hr is an eastward tilt above 250 mb and a
tilt westward from 1000 mb up to that level, although the
wave is nearly vertical in the middle layers. The
perturbations vary widely in magnitude between different
levels and time intervals, showing a steady growth only at
1000 mb. The thermal wave is fairly flat, reaching its
maximum intensity at 4^ hr and then damping somewhat by
the end of the period. Its position relative to the 500"mb
wave shifts rather rapidly rearward, apparently undergoing
a 360-degree movement by t=60 hr and ending the three-day
period ISO^ out of phase with the upper wave
»
Case 5 has a wave length of 6000 km, but its behavior
differs radically from that of the 6000^km waves previously
discussed. It is more deformed in many instances; its
perturbations have grown only slightly or have diminished
by the end of the period, in most cases having reached an
23

intermediate maximum; but above all, it is retrogressive
in movement, proceeding westward nearly 6000 km during the
three-day period. The tilt is still generally westward
after 72 hours, although the three middle levels are more
or less vertically oriented. The thermal wave first moves
through the 500-mb wave to a slightly leading position , then
returns to lie approximately in phase with the upper wave
at the end of the period. The retrogression of the contour
perturbations in this case is unexpected in view of the
behavior of synoptic waves of like wave length. Eliasen
QJ has shown that atmospheric waves at approximately the
same latitude and with wave lengths between 5000 and 6000 km
generally progress in an easterly direction with a speed of
about nine degrees of longitude per day, with occasional
quasi-stationary periods of a week or so. Shorter waves
seemed to move consistently toward the east.
Case 6 is a longer wave, 14,000 km, which exhibits
only slight deformation, steady, moderate amplification,
and moderate retrogression, moving westward some 2500 km in
three days. The tilt is simple in its history, becoming
vertical with time with a very slight eastward tilt above
250 mb. The thermal wave development is fairly strong,
increasing from +.5 to +3.5 over the period, due to the
rather marked intensification at 250 mb; it moves toward the
position of the 500-mb wave, lagging only very slightly
after 72 hr. Eliasen 1}J has indicated that actual waves of
24

this length in the atmosphere generally fluctuate about a
mean position, only in a few cases moving more than a
quarter of a wave length in either direction.
To further delineate the effects of the three-
dimensional jet structure, the same three wave lengths were
imposed upon an atmosphere with a linearly increasing wind
in the vertical. The basic flow increases linearly from
1000 mb to the level of maximum wind of Table 1 and
continues in the same fashion to the 0-mb level. The model
has stability CT of Table 2, and a horizontally jet-like
flow.
Case 7, with wave length 2000 km, is progressive at
500 mb and below, but the movement is erratic and hard to
follow in 12-hour increments in the two top levels because
of the extreme deformation. The amplification is extreme
at 1000 mb and rather large at the top and at 500 mb; the
250-mb and 750-mb waves alternately weaken and intensify
but never to any great degree, resulting in a fairly flat
thermal wave which reaches its greatest proportions at
72 hr where it lies behind the 500-mb wave
»
Case S represents a wave length of 6000 km and is
slowly retrogressive in comparison with Case 5. It exhibits
strange growth characteristics, intensifying for 36 hr
above 1000 mb, then weakening for another 36 hr» The
1000-mb level shows alternate weakening and building in a
pattern out of phase with the overlying layers. The final
25

result is a wave slightly intensified at 500 mb and below,
slightly weakened in the two top levels, and approximately
vertical in tilt. The thermal wave moves slowly forward
through the 500-mb wave, traveling eastward rapidly in the
last 12 hr and weakening to its lowest values; after 72 hr,
the weak thermal troughs underlie the 500-mb ridges.
Case 9, wave length 14,000 km, is also slowly
retrogressive and intensifies strongly at the top level,
decreasing in strength with decreasing height at the end
of the period. The wave after 72 hr tilts eastward from
1000 mb to 750 mb and thence rises vertically to the topo
The thermal wave amplifies steadily from +.36 to +3, and
moves eastward relative to the 500-mb wave to a position
just slightly to its rear. The waves in Cases ^ and 9 show
very little deformation, the greatest occurring at 1000 mbo
As a matter of practical interest, an example was run
using some data from actual soundings, an example also
treated by Haltiner[l] . Table 3 lists the basic flow and
stability pattern, which is based upon averages for 12
instances in December, 1946; the values for the top layer
were taken by Haltiner from tabulated 100-mb and 150-mb
figures, although the top level is treated mathematically
as mb. The data were originally obtained from "Jet
Streams of the Atmosphere", published by the U. S. Navy,
26

Table 3. Average zonal wind (m sec~l) and static
stability parameter (MTS units) from actual data.
1 10/23.0 16/23.0 20/23.2 40/20.0 22.7
2 5/22.
g
11/22.9 25/23o2 67/20.9 22.7
3 4/4.25 6/4.25 17/4.55 49/4.10 4.32
4 3/2.62 5/2.41 13/2»12 16/2.20 2.31
5 3/1.95 4/1.74 5/1.44 5/1.10 1.57
k/j 4 3 2 1 <^
Case 10 represents the basic flow and average static
stability parameter of Table 3 with a wave length of 6000 km,
Above 1000 mb, the wave initially retrogresses slowly for
about 12 hr and then moves eastward to approximately its
starting point at the end of three days, although its
exact behavior varies slightly from level to level. The
1000-mb wave is rather deformed and appears to progress
through 3 60 degrees during the same periods The greatest
amplification lies at 250 mb, the perturbation increasing
to +10.47 after 72 hr, the greatest value noted in any of
the cases. As a result, the thermal wave is extremely
magnified also and progresses rapidly through the 500-mb
wave, moving nearly 300 degrees relative to the upper wave.
27

Case 11 illustrates the effects of a moderate change
in latitude. Here the latitude is taken to be 60N, with
f=1.26x10"^ sec"-"" and/S =1.14x10" ^ sec"^ cm'-^; the wave
length of the perturbation is 6000 knio Figure 11 shows
that the general wave form, the retrogressive motion, the
vertical tilt, and the phase relationship of the thermal
and 500-mb waves all agree closely with those respective
characteristics of Case 5 (latitude 45N), and that only-
slight differences are exhibited in the degree of ampli-
fication. The differences noted are all an order of
magnitude smaller than the perturbations themselves and do
not appear to be systematic from one level to the nexto
The thermal wave at t=72 hr is stronger at the higher
latitude than in Case 5.
Case 12 represents a perturbation of wavelength
4000 km imposed upon the previously employed baroclinic
jet structure of Tables 1 and 2„ This example is included
to show the development of a supposedly stable wave^ The
largest component imaginary phase velocities noted for this
case are approximately zero and the fifteen real component
phase velocities are, with one exception, positive, which
would lead one to expect a stable, progressive wave at all
levels. In fact, the wave is progressive at 1000 mb but
undergoes moderate but nevertheless significant changes in
intensity; at all other levels, the wave retrogresses rapidly
and generally exhibits slightly greater amplification and
damping. The wave form is badly deformed throughout its
2d

development at the top, but the other levels show relatively
little deformation.
Case 13 possesses the wave length (6000 km) and wind
and stability profiles of Case 5, but the perturbation
initially has greater tilt, exhibiting a phase shift of
90° to the west from 1000 mb to mb. The initial wave
form is given by
ii/i„t^) e- -H
(43)
The similarities of the behavior of this wave with that of
the more vertical wave of Case 5 are generally more striking
than the differences. The horizontal wave forms are quite
similar at all levels and at all time intervals; the
variations in intensity parallel each other in the two
cases; the thermal waves move similarly in relation to the
$00-mb waves, but the thermal wave is more intense through-
out the development of Case 13 . Whereas the perturbations
in Case 5 retrogress rapidly at all levels, this is not
true of Case 13, where the wave is progressive at 1000 mb
but retrogressive at all other levels. The tilt after
72 hr closely resembles that of the earlier case, however
»
At time t=60 hr, the perturbations of Case 13 are the more
highly amplified of the two at all levels; this is true at
72 hr also, with the exception of the 750-mb level which is
very slightly weaker than that of Case 5. The most
29

interesting of these various features is the progressive
lower wave, which more closely resembles in behavior
synoptic waves of 6000-km wave length than do the wholly




5. Conclusions and Acknowledgements.
The perturbation wave structures for a representative
variety of unstable wavelengths have been presented for a
model featuring a baroclinic atmosphere with a three-
dimensional jet-like wind profile, and comparisons have
been made for one of the wave lengths, 6000 km, with
similar waves in a wide selection of other models. The jet
structure appears to slow the progression of the waves or
induce retrogression, even in cases where an eastward
motion would appear intuitively likely from inspection of
the component phase velocities. It is early in the study
to try to reach any definite conclusions concerning the
model. Further work is definitely needed to discern the
effects of variation of grid interval, for instance, upon
the wave structure. Observing the waves over longer time
intervals might lead to knowledge concerning the existence
of limiting phase angles between the thermal and 500-mb
waves, as has been discussed by Wiin-Nielsen [4] for a
different model. This paper does depict in some detail the
form and development of a number of interesting cases, and
has brought into existence some flexible computer programs
suitable for further study into other aspects of the model
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